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Introduction
Organic light-emitting devices (OLEDs) are a rapidly advancing technology.
1 Current applications, such as mobile displays and lighting, offer numerous benets 2 over their inorganic competitors, including lower power consumption, faster response times, increased viewing angles, and greater ranges of colour and contrast, along with compatibility with large area and exible substrates. The vast majority of OLED research has concentrated on the visible spectrum, primarily for display and lighting applications.
3 More recently OLEDs which emit from the deep blue through to the violet range of the spectrum have received increased investigation.
4 Deep blue light is essential to achieve good colour rendering and high colour temperature in white OLEDs for lighting applications, and for greater colour contrast and a wider colour gamut in displays.
5 Maximum external quantum efficiencies (EQEs) of h ext, max ca. 3-6% for emission in the range 400-480 nm have been reported for both small molecule and polymer based devices. 6 Very recently an alternating copolymer of 9,9-(dioctyluorene) and tetrauorophenylene with l EL max 405 nm and CIE coordinates (0.17, 0.06) was reported to achieve h ext, max 5.03%.
7 Whilst this is a higher maximum efficiency than that reported here, our polymers produce efficient deep blue/blue devices, combined with low turn-on voltages and high brightnesses, providing a signicant advance in the eld.
Derivatives of poly(9,9-dialkyluorene-2,7-diyl)s (pFs) are well established as emitters in electroluminescent devices. They possess many desirable properties, namely: blue emission, high charge-carrier mobilities, good thermal and electrochemical stability, high photoluminescence quantum yields (PLQY), and facile chemical modication and co-polymerisation.
8 Our group 9 and others 10 have incorporated dibenzothiophene-S,Sdioxide-3,7-diyl (S) units into a poly(9,9-dialkyluorene) main chain and shown that these co-polymers possess enhanced blue spectral stability [compared to homo-poly(9,9-dialkyluorene)] and colour tunability, including green and white emission by chemical modications. The electron-decient S units are topologically similar to uorene; they lower the lowest unoccupied molecular orbital (LUMO) which improves electron injection and makes charge injection and transport more balanced. We previously reported that F-S copolymers with hexyl substituents attached to the S units display improved solubility and spectrally stable blue-shied emission arising from a twisted backbone structure which disrupts the extended p-conjugation.
11
The aim of the present work is to build on these results and study a series of F-S copolymers incorporating new substituents on the S framework, namely O-methylenecyclohexyl (S OCy ) or O-hexyl (S O6 ), designed to produce efficient, solutionprocessable, deep blue polymer LEDs (PLEDs) with emission at wavelengths shorter than l max 450 nm. Seven new copolymers have been synthesised; ratios of the monomers have been varied, as has the position of linkage to the uorene units, i.e. 2,7 (para, conjugated) or 3,6 (meta, broken conjugation). The photophysics of the copolymers is reported. They function as both carrier transporters and uorescent emitters in PLEDs, whose performance is improved (increased efficiency and brightness, and reduced turn-on voltage) by an additional electron injecting layer of 1,3,5-tris(N-phenylbenzimidazol-2-yl)benzene (TPBi).
Results and discussion

Synthesis
The synthetic routes and structures of the co-polymers P1-P7 are shown in Scheme 1. Monomer synthesis is reported in the ESI. † The co-polymers were synthesised by Suzuki polycondensation reactions, 12 using different monomer feed ratios, followed by end-capping with phenyl groups. The polymers were isolated as white or very pale yellow solids; their molecular weights are stated in Table 1 .
Scheme 1 Synthesis and structures of co-polymers P1-P7. 
Optical properties
The spectroscopic data for the polymers P1-7 is summarised in Table 2 and thin lm photoluminescence spectra are shown in Fig. 1a and b. The polymers are bright blue emitters. They exhibit very little solvatochromism and the differences observed in the l PL max can be attributed to a change in refractive index between the solvents. This agrees well with the previous results for analogous materials.
11 For polymers P1-3, the S O6 units and the end-capping phenyl groups are bonded through the 3 and 6 positions of the F units (meta conjugated), which results in the polymer conjugation being broken. This yields a blue-shied emission (by ca. 30 nm in thin lms) compared to the para analogues, P4-7, and to the related (para) polymers with 2,8-dihexyldibenzothiophene-S,S-dioxide (S hexyl ) units.
11
We previously showed that in related co-polymers with S hexyl instead of S OCy or S O6 side-chains an increasing ratio of the S hexyl component with respect to the F component (F : S hexyl ratios 85 : 15; 70 : 30; 50 : 50) results in a signicant blue shi in both the absorption and emission maxima (in solution and thin lm), ascribed to an increase in the dihedral angle breaking the polymer's extended p conjugation.
11 However, within the present two series of meta (P1-3) and para (P4-P7) polymers with S OCy or S O6 side-chains there is only a small change in absorption and emission maxima for solution and thin lms as the ratios of S OCy or S O6 units are varied. From these data it can be deduced that the S OCy and S O6 side-chains lead to less sterically-induced twisting of the backbone compared to the previous S hexyl analogues, 11 presumably due to the presence of the oxygen atom, rather than a CH 2 unit, attached to the S unit.
The emission of these polymers is, however, substantially red shied due to the change from meta (P1-3) to para (P4-P7) linkages (Fig. 1) . A more subtle trend is that with increased ratio of the S OCy and S O6 moiety (50 : 50 ratio, P4 and P6) there is a very small (2 nm) blue shi in l max of thin lm emission compared to the 70 : 30 F : S analogues (P5 and P7). Also, by increasing the size of the pendant group from S O6 (P6 and P7) to S OCy (P4 and P5) the l max value blue shis by 2 nm for both ratios. More notably, the larger S OCy groups reduce the shoulder at the red edge (seen especially in P6; Fig. 1b ), leading to a narrower emission peak for P4 and P5, compared to P6 and P7.
No signicant change is observed in the lm PLQY values for polymers P1-7 which are all within the range 0.55-0.77. The observed triplet levels of P1-7 (E onset T 2.42-2.48 eV) correspond well to the reported values for similar polymers which possess restricted backbone p-conjugation.
Deep blue and blue PLED devices Devices were fabricated for polymers P1-7 using the structure: glass|ITO (150 nm)|PEDOT:PSS HIL 1.5 (70 nm)|LEP (60 nm)| TPBi (20 nm)|LiF (1 nm)|Al (100 nm). For all of the devices, the light emitting polymer (LEP) layer consisted of one of the polymers P1-7 without any other dopants or transporters added. The results for each device are represented in Table 3 , Fig. 2 and 3 . For each of the meta conjugated polymers P1-3 electroluminescence is observed in the deep blue (Fig. 4a) , with l max at ca. 415 nm. The exact peak wavelength is difficult to identify due to the noise present in the spectra due to the low relative brightness; nonetheless for P1, P2 and P3, respectively, the CIE coordinates at the turn-on voltage (10 cd m À2 ) are (0.17, 0.11), (0.17, 0.10) and (0.16, 0.09) and at maximum brightness are (0.18, 0.13), (0.17, 0.11) and (0.17, 0.12). CIE diagrams are shown in the ESI. † From Table 3 and Fig. 2 it can be seen that sequentially decreasing the ratio of S OCy to F, from 50 : 50 to 30 : 70, to 15 : 85 (i.e. P1, P2 and P3, respectively) has the effect of increasing the maximum brightness from 28 cd m À2 to 37 cd m À2 to 81 cd m À2 , respectively. The maximum external quantum efficiencies initially increase when the S OCy ratio decreases from 50 : 50 (P1, EQE 1.7%) to 30 : 70 (P2, 2.7%) and then decreases again when the ratio is decreased to 15 : 85 (P3, 1.3%). It can also be observed that increasing the amount of S OCy present in the polymer decreases the current density passing through the device. This is consistent with the increased proportion of S OCy decreasing the extent of p conjugation in the polymer and thus reducing its carrier transporting properties up to a certain threshold. Once this threshold is reached the current density remains more or less constant, hence the similarity between P1 and P2 in Fig. 2a . It is also observed that increasing the ratio of S OCy reduces the amount of emissive species (oligo-F domains) formed, accounting for the drop in brightness at comparable current densities and thus the drop in efficiency (P3 > P2 > P1). Our devices are not fully optimized for efficient out-coupling in the deep blue, which explains the lower device efficiencies for P1-3 compared to P4-7.
Regarding the para polymers P4-7, similar trends to the meta polymers P1-3 are observed (Fig. 3) . The major differences between the two sets of polymers are the maximum current densities and the emission spectra. Whilst polymers P1-3 have EL peak emission at l max ca. 415 nm, polymers P4-7 have l max ca. 450 nm, as seen in Fig. 4b . Both this and the change in maximum current density can be explained by the broken conjugation of the polymers P1-3 due to the meta-linkage. Similar to polymers P1-3, reducing the concentration of S OCy (P4, P5) or S O6 (P6, P7) component from 50% to 30% increases the maximum brightness and efficiency of the devices as well as substantially decreasing the turn-on voltage. A decrease of S OCy or S O6 ratio in the polymer has the effect of increasing the current density through the device, which can be explained by substantially increasing the quantity of emissive species (longer domains of oligo-F units) with P5 showing the highest efficiency. This indicates that subtle electronic and/or structural factors inuence PLED performance in this series.
Conclusions
New polyuorene based co-polymers have been synthesised with varying ratios of two different functionalised dibenzothiophene-S,S-dioxide derivatives. Also investigated was the effect of meta and para conjugation within the polymers with respect to the position of backbone linkage in the F units. For the meta polymers P1-3 deep blue emission peaking at ca. 415 nm is observed. The ratio of 70 : 30 F to S OCy in polymer P2 leads to the highest maximum efficiency reaching 2.7% EQE, whilst the ratio of 85 : 15 in polymer P3 gives the highest maximum brightness of 81 cd m À2 . For the para polymers P4-7 blue emission peaking at ca. 450 nm is observed. The ratio of 70 : 30 F to S OCy or S O6 (P5 and P7) produces better devices than the analogous 50 : 50 polymers (P4 and P6). It was also observed that the bulkier S OCy derivative gives more efficient and brighter devices, with polymer P5 attaining a remarkable h ext, max 3.2%, 4.4 cd A À1 , 3.4 lm W À1 and L max 2500 cd m À2 with CIE (0.16, 0.18) in a simple PLED architecture. As noted above, it has recently been reported that polymer-based devices have exceeded 5% EQE for deep blue emission. 7 Whilst this is a higher maximum EQE than we observe for P1-7, our polymers produce efficient deep blue/blue devices with good colour stability, and combined with low turn-on voltages and high brightnesses, this is a signicant advance in the eld.
Experimental
General Suzuki co-polymerisation procedure All monomers were dissolved in dry toluene (200 mg of the corresponding boronic ester in 7 mL) and degassed by bubbling argon into the solution for 30 min, then PdCl 2 [P(o-tol) 3 ] 2 (1% mol) was added and reaction degassed for additional 15 min. A degassed aqueous Et 4 NOH solution (4 mL, 20% w/w) was added and the reaction mixture was stirred at 115 C for 24 h. All copolymers were end-caped with phenyl units by addition of bromobenzene (1 mL), followed by benzeneboronic acid (100 mg) 1 h later. Aer 1 h, upon cooling, the mixture was poured into methanol (300 mL) and the resulting precipitate was ltered and sequentially washed with methanol, water and methanol. Aer drying, the solid was redissolved in chloroform (20 mL) and a solution of palladium scavenger (1.0 g of sodium diethyldithiocarbamate trihydrate) in water (20 mL) was added, and the mixture was stirred overnight at 60 C. The organic layer was separated and sequentially washed with dilute aqueous HCl (5%), concentrated sodium acetate and water. The resulting organic extracts were ltered through a plug of celite and concentrated under vacuum. The co-polymers were isolated as white or very pale yellow brous solids by precipitation when the concentrate was added dropwise to methanol.
Optical characterisation
Absorption spectra for solution and solid state samples were obtained using a Shimadzu UV-vis-NIR spectrophotometer whilst emission spectra were acquired using a Jobin-Yvon u-oromax spectrouorimeter. The excitation wavelengths were determined from the maximum absorbance of the polymers as obtained from the absorption spectra. The triplet energies of solid state samples at 16 K were calculated using a gated luminescent measurement of the phosphorescence technique.
13 Solutions were produced in ethyl acetate or cyclohexane, and the OD kept below 1.0. Solid state samples were drop-cast from a 1 : 1 mixture of 175 mg mL À1 zeonex and 0.5 mg mL À1 of the polymer, both in chlorobenzene, and had a maximum absorbance of 2.0 OD.
Device fabrication and characterisation
The devices featured an ITO anode (150 nm, 16 U) commercially pre-coated on a glass substrate (24 mm Â 24 mm). The substrates were cleaned with acetone, isopropanol and acetone sequentially in a sonic bath for a period of 9 min each. They were then exposed to low pressure plasma for a period of 3 min and treated with UV-ozone for a further 4 min. A hole-injection layer (HIL) of PEDOT:PSS of thickness 70 nm was deposited by spin coating and then baked on a hotplate at 200 C for 3 min to remove any leover moisture. The PEDOT:PSS used was the commercially available HIL 1.5 from Heraeus Precious Metals, Germany. Active layers of polymers P1-7 were prepared in a solution of chlorobenzene, concentration varied to produce layers of 60 nm, and then spun on top of the PEDOT:PSS. The device was then annealed at 120 C on a hotplate for 10 min to remove residual chlorobenzene. An electron injection layer (EIL) consisting of a 20 nm layer of 1,3,5-tris(N-phenyl benzimidazol-2-yl)benzene (TPBi) was thermally evaporated directly on top of the polymer layer. This was followed by a 1 nm thick lithium uoride (LiF) cathode, which was thermally evaporated using a shadow mask to produce parallel strips perpendicular to the ITO anodes, forming four individually addressable pixels per substrate each of area 5 mm Â 4 mm. The LiF was capped with a 100 nm thick layer of aluminium to protect it from oxidation. An evaporation pressure of ca. 10 À6 mbar and a rate of ca. 0.1 nm s À1 was used for all of evaporated layers. The devices were then encapsulated with DELO UV curable epoxy (Katiobond) and a 12 Â 12 mm glass cover slide. The devices were characterised in a calibrated Labsphere LMS-100 integrating sphere, connected to a USB 4000 CCD spectrometer supplied by a 30 mm UV/Vis bre optic cable, under steady state conditions. Layer thicknesses were measured using a J. A. Woolam VASE Ellipsometer aer having been spin coated onto SiSiO 2 substrates. The non-uniformity of the organic layer thicknesses across the samples leads to a 5-10% error in device efficiencies and all measurements were averages over at least four devices. A summary of the materials used and the device conguration can be found in Table 3 .
